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Isogenic Enterococcus faecalis strains that differ in their expression of aggregation substance (AS) and its
cognate receptor, enterococcal binding substance (EBS), were compared for urovirulence in mice. Strain
OG1SSp/pCF500 (inducible AS�, constitutive EBS�) failed to outcompete isogenic derivative INY3000 (AS�

EBS�) in the urine, bladders, or kidneys of mice harvested at 48 h postinoculation. Neither mouse nor human
urine induced AS expression by OG1SSp/pCF500. Recombinant strain OG1SSp/pINY1801 (constitutive AS�,
EBS�) exhibited plasmid segregation that was as extensive in vivo as in vitro. These data suggest that AS and
EBS do not contribute to upper or lower urinary tract colonization by E. faecalis and that growth in urine does
not induce AS expression by strains carrying plasmids in the pCF10 family.

Enterococcus, a leading cause of hospital-acquired infec-
tions, is associated specifically with urinary tract infection
(UTI), device-related infections, bacteremia, and endocarditis
(16). Putative virulence factors include gelatinase, cytolysin,
capsule, hyaluronidase, the fsr quorum-sensing system, entero-
coccal surface protein (Esp), and aggregation substance (AS)
(2, 3, 6, 8, 12, 14, 17–20, 24, 25, 27, 28, 30–32). A role in
urovirulence has been directly demonstrated only for Esp (24),
but AS also may conceivably have a role in UTI pathogenesis.
AS is a plasmid-encoded enterococcal surface protein that
interacts with enterococcal binding substance (EBS), its cog-
nate receptor on other enterococci, to form mating complexes.
Enterococci containing an AS-encoding sex plasmid express
AS when stimulated by a peptide pheromone secreted from
other enterococci, whereas most enterococci constitutively ex-
press EBS (7, 15). AS is epidemiologically associated with UTI
(6), increases enterococcal adherence to cultured renal tubular
cells (14), and protects Enterococcus faecalis from killing by
polymorphonuclear leukocytes (19), an important urinary tract
defense element. However, AS has not been directly assessed
as a urovirulence factor. We therefore sought to determine
whether the AS-EBS combination enhances urinary tract col-
onization by E. faecalis.

Strains. Four derivatives of OG1SSp, a streptomycin-spec-
tinomycin-resistant mutant of wild-type E. faecalis strain OG1
(4), were studied (Table 1). These included two transformants
of OG1SSp, one with pCF500 (a derivative of wild-type pher-

omone plasmid pCF10 that, like pCF10, confers pheromone-
inducible AS expression and, in addition, has a selectable
erythromycin resistance marker) and the other with pINY1801,
which contains a fragment of pCF10 cloned into shuttle vector
pWM401 and constitutively expresses AS (4, 23). Also studied
were INY3000, an EBS-deficient Tn916 mutant of OG1SSp (1,
29) and a transformant of INY3000 containing shuttle vector
pWM401 (23, 29).

Mouse model. The mouse model of ascending unobstructed
UTI has been described previously (13, 21). Both dual-strain
and single-strain bacterial challenges were used. Female
CBA/J or Swiss Webster mice were inoculated perurethrally by
an infusion pump with broth-grown bacteria. The absence of
vesico-ureteral reflux was confirmed by immediate postinocu-
lation kidney cultures. For colonization experiments, urine,
bladder, and kidneys were harvested sterilely at 24 h, 48 h, or
5 days postinoculation and cultured quantitatively with appro-
priate media (13, 21).

The bacteria for inoculation were grown at 37°C in tryptic
soy broth or Todd-Hewitt broth (THB) either to mid-log phase
or overnight and then pelleted. For competition experiments,
test strains were grown separately and then combined. Selec-
tive cultures were used to enumerate each strain from the
inoculum (input ratio) and from mouse cultures (output ratio).
The output ratio divided by the input ratio gave the competi-
tive index, of which the log10 was analyzed (22).

In vitro induction of AS expression. Overnight cultures of
OG1/pCF500 and INY3000 in THB were inoculated 1/1,000 in
1 ml of THB. After 4 h of growth at 37°C, the cultures were
pelleted, washed with phosphate-buffered saline (PBS) (pH
7.4), and resuspended in 50 �l of PBS, THB with 50 ng of
cCF10 (the cognate pheromone for pCF500), or mouse or
human urine. At intervals, 9 �l from each sample was mixed
with 1 �l of 1% sodium dodecyl sulfate, boiled for 10 min, and
stored on ice. These preparations were then spotted onto ni-
trocellulose and blocked overnight in 0.01 M PBS with 10%

* Corresponding author. Mailing address: Infectious Diseases
(111F), Minneapolis VA Medical Center, One Veterans Dr., Minne-
apolis, MN 55417. Phone: (612) 467-4185. Fax: (612) 727-5995. E-mail:
johns007@umn.edu.

† Present address: Department of Biology, Kansas State University,
Manhattan, Kans.

‡ Present address: Department of Molecular Biology, Princeton
University, Princeton, N.J.

2445



milk at 4°C. Immunoblotting was performed with an antibody
against an N-terminal domain of Asc10, the AS variant ex-
pressed by OG1/pCF500 (20), at a 1/2,500 dilution with puri-
fied Asc10 protein as a control and chemiluminescent
detection.

Comparative urovirulence: OG1SSp/pCF500 and INY3000.
Approximately equal amounts of strains OG1SSp/pCF500 and
INY3000 were administered as a mixed inoculum to 20 CBA/J
mice in a competition model of ascending UTI. For urine,
bladders, and kidneys harvested 48 h after inoculation and
cultured quantitatively, replica plating confirmed the absence
of plasmid segregation, i.e., all colonies from nonselective pri-
mary plates were resistant either to both tetracycline and eryth-
romycin (putative OG1SSp/pCF500) or to tetracycline alone
(putative INY3000). Macroscopic growth characteristics, indic-
ative of the AS-EBS phenotype (i.e., �/� or �/�), corre-
sponded precisely with the inferred strain identities.

At each site cultured, pure growth or a predominance of
INY3000 occurred as frequently as did pure growth or a pre-
dominance of OG1SSp/pCF500 (Table 2). Results within each
outcome category (i.e., columns in Table 2) were combined to
increase the number of observations per comparison, but still
no difference was evident between OG1SSp/pCF500 and
INY3000 (Table 2, bottom row). Even merging the “pure
growth” and “predominance” categories across all sample
types yielded no between-strain difference, i.e., 20 cultures
favored OG1SSp/pCF500 and 22 favored INY3000 (P � 0.10,
McNemar’s test). Comparisons of relative bacterial concentra-
tions likewise revealed no significant differences between the
two strains for any individual site or all sites combined, with the
median log10(competitive index) (for OG1SSp/pCF500 to
INY3000) being 0.20 for urine, �1.29 for bladders, �0.07 for
right kidneys, 0.01 for left kidneys, and �0.08 overall (P � 0.10
for each comparison, Wilcoxon rank sum test).

Expression of AS in mouse urine. Since bacterial recovery
from infected mice was insufficient for the direct detection of
AS expression in vivo, expression was instead assessed ex vivo.

No expression of AS by either OG1SSp/pCF500 or INY300
was detected by immunoblotting after bacterial incubation for
up to 5 h in PBS alone or in human or mouse urine (Fig. 1). In
contrast, under the same conditions, OG1/pCF500 vigorously
expressed AS after stimulation with cCF10.

Comparative urovirulence: recombinant strains. To ensure
AS expression in vivo, we used OG1SSp/pINY1801, which
expresses AS constitutively (25, 29). OG1SSp/pINY1801 and
isogenic (AS� EBS�) variant INY3000/pWM401 were com-
pared for urovirulence by using a single-strain challenge
model. No difference was detected between the two test strains
in cultures of urine, bladders, and kidneys harvested (from 21
Swiss Webster mice per strain) at 24 h, 48 h, or 5 days after
inoculation with approximately 108 CFU of either test strain
(data not shown). However, extensive in vivo plasmid loss was
evident, with approximately 50% of colonies recovered from
mice having regained chloramphenicol susceptibility, which
complicated the interpretation of results. Plasmid loss was also

FIG. 1. Induction of expression of AS by E. faecalis. Lane 1, OG1/
pCF500 in PBS. Lane 2, OG1/pCF500 in THB plus cCF10. Lane 3,
OG1/pCF500 in human urine. Lane 4, OG1/pCF500 in mouse urine.
Lane 5, INY3000 in PBS. Lane 6, INY3000 in THB plus cCF10. Lane
7, INY3000 in human urine. Lane 8, INY3000 in mouse urine. Samples
were assayed for expression of AS by Western blotting after incubation
for 0, 1, 3, or 5 h. Positive control spots (pos. cntl.) (for orientation) are
from purified Asc10 protein. Purified AS protein (Asc10) was spotted
as a positive control and to mark the various lanes. The only expression
of AS detected was with OG1/pCF500 in THB plus cCF10 (lane 2).
Similar bacterial concentrations were present in all samples (data not
shown).

TABLE 1. E. faecalis strains and plasmids used

Strain Phenotypic markers Reference(s)

OG1SSp/pINY1801 AS� EBS� Cmr 4, 23
INY3000/pWM401 AS� EBS� Tcr Cmr 23, 29
OG1SSp/pCF500 AS� EBS� Emr Tcr 5
INY3000 AS� EBS� Tcr 29

TABLE 2. Competition of E. faecalis strains OG1SSp/pCF500 and INY3000 in the CBA/J mouse model of ascending urinary tract infection

Origin of
specimen

Total no. of
specimens

No. (%) with the following resulta:

No growth OG1SSp/pCF500
only

OG1SSp/pCF500
� INY3000

INY3000 �
OG1SSp/pCF500

INY3000
only

Urine 10 1 (10) 2 (20) 3 (30) 2 (20) 2 (20)
Bladder 18 7 (39) 3 (17) 1 (6) 3 (17) 4 (22)
Right kidney 18 8 (44) 0 5 (28) 3 (17) 2 (11)
Left kidney 18 6 (33) 2 (11) 4 (22) 4 (22) 2 (11)

Total 64 22 (34) 7 (11) 13 (20) 12 (19) 10 (16)

a P values of �0.10 (McNemar’s test) for all comparisons of results from “OG1SSp/pCF500 only” and “INY3000 only” and for all comparisons of results from
“OG1SSp/pCF500 � INY3000” and “INY3000 � OG1SSp/pCF500.”
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documented in vitro for both strains, with approximately 50%
of the resistant population losing chloramphenicol resistance
during each nonselective passage (data not shown). The fact
that half of the organisms recovered from infected animals had
lost the plasmid suggests that there was not strong selection for
AS-expressing strains in vivo in this model, in marked contrast
to the results obtained in experimental endocarditis, where
AS-encoding plasmids impart a significant selective advantage
to the infecting bacterial strain (11, 23).

Significance of findings. We found no evidence that AS, in
combination with constitutively expressed EBS, enhanced the
urinary tract colonization ability of E. faecalis strain OG1SSp
compared with that of its plasmidless, EBS-negative derivative
INY3000. This fails to support the hypothesis that AS or EBS
are urovirulence factors for E. faecalis. It is particularly note-
worthy that INY3000 was equally virulent in this infection
model, since the cell wall alterations in this strain have been
shown to have major effects on the bacterium-host interactions
in endocarditis (23).

The apparent lack of a role for AS in this UTI model was
unexpected, since AS is epidemiologically associated with UTI
(6), contributes to enterococcal adherence to cultured renal
epithelial cells (14), and protects enterococci from killing by
polymorphonuclear leukocytes (19). Conceivably, the expres-
sion of AS by pCF500 is not induced sufficiently within the
urinary tract for AS to influence urovirulence, a hypothesis
supported by our inability to demonstrate ex vivo expression of
AS by strain OG1SSp/pCF500 after incubation in human or
mouse urine (although this seemingly conflicts with a report of
the induction of asa expression during ex vivo growth of E.
faecalis in human urine, both in log phase and stationary phase
[26]; different strains, culture methods, and detection systems
were used in the two studies). Our attempt to more directly
study the impact of AS on urovirulence by using a constitu-
tively AS-expressing strain was confounded by extensive plas-
mid segregation. The fact that the frequency of plasmid loss in
vivo in these experiments was similar to that observed during
nonselective in vitro growth suggests that the expression of AS
in vivo did not provide a selective pressure for the maintenance
of the plasmid. This is further, albeit indirect, evidence against
a major role for AS in this infection model.

It is conceivable that we might have detected an effect of AS
and EBS on urovirulence had we used a different challenge
dose for the infection experiments. However, this seems un-
likely. The bacterial dose we administered yielded an event
rate that was sufficiently high to provide adequate power for
detecting a difference if one were present, yet it clearly had not
saturated the system, since approximately one-third of post-
harvest cultures were negative. In addition, the competition
model we used is highly sensitive to small differences in viru-
lence, since each mouse (actually, each site cultured) serves as
its own control.

To date, Esp is the only confirmed urovirulence factor of
Enterococcus, and its effect was evident only for bladder, not
kidney, infection (24). Yet, as demonstrated here and by others
(24) for mice and as observed clinically in humans (9, 10), E.
faecalis clearly has the ability to cause ascending renal infec-
tion. In our competition experiments, 61% of kidneys were
culture positive, despite the initial delivery of bacteria only to

the lower urinary tract. Thus, additional urovirulence factors in
E. faecalis surely exist but remain to be identified.

This material is based upon work supported by the Department of
Defense and the Office of Research and Development, Medical Re-
search Service, Department of Veterans Affairs (J.R.J.), and NIH
grant HL51980 (G.D.).

Dave Prentiss (Minneapolis VA Medical Center) helped prepare
Fig. 1.
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